1. Introduction {#sec0005}
===============

Microorganisms' spreading, and consequent infection propagation is a serious concern worldwide, yet there are still very few guidelines or legislation for infection propagation control in public spaces. The exception is made for healthcare facilities with the existence of few guidelines and orientations for infection prevention and control, nevertheless hospital acquired infection (HAI) remains a tremendous problem. One of the main causes for the high number of HAI reported by the World Health Organization (WHO) is related to the ability of the microorganisms to survive for long periods in hostile environments such as dry surfaces [@bib0005], [@bib0010].

Rooms occupied with infected patients often have their surfaces contaminated with pathogens leading to the contamination of hands and gloves of medical staff, and consequent transfer of these microorganisms to patients or onto other surfaces. This cross-contamination mechanism has already been recognized and lead to the implementation of hygiene procedures for hands when contacting with patients. Still, it is more likely for a patient to get an infection when staying in a room previously occupied by an infected patient. Thus, infected patients are the primary source of surface and material contamination. Visitors and/or asymptomatic carriers also contribute to the spread of microorganisms, especially in situations where there is an apparent sense of safety [@bib0015]. As said before, there are guidelines for surface cleaning and disinfection in hospitals, however, those recommendations are not sufficient to solve such a problem and the incorrect following of the disinfection instructions can even cause greater contamination problems [@bib0020].

This review considered English-language articles retrieved from PubMed database literature searches, bibliographies from published articles, and infection-control books and chapters, in a total of 205 references published between 2000 and 2018, considering the following criteria: the most recent studies performed on microbiological analysis on different surfaces reporting samplings performed on food contact surfaces, public spaces and hospital surfaces, where microorganisms occur naturally. For the antimicrobial and self-cleaning surfaces studies, the most recent and relevant works developed on surface modification or functionalization were selected and two main types of surfaces were considered for this review - anti-adhesive surfaces and antimicrobial surfaces, along with their subtypes. Finally, products already commercially available with enough reliable manufacturers' information about the product and its adequacy to the topics discussed in this review were also included.

2. Role of surfaces in infection propagation: a public health problem {#sec0010}
=====================================================================

Contamination spreading by contact can occur either by direct contact with an infected patient, or indirectly through a contaminated object or surface [@bib0025].

Surfaces represent an important way of transmission of diseases since they can act as a reservoir of microorganisms that may spread to whoever contacts with the surface. Especially in crowded spots as public transports or public spaces and places susceptible of the presence of microorganisms like healthcare facilities, surfaces may represent a serious source of infection spreading [@bib0030]. [Table 1](#tbl0005){ref-type="table"} describes the microorganisms detected in hospital, food handling, and other environmental surfaces.Table 1Examples of microorganisms isolated from different surfaces and some of their associated pathologies.Table 1MicroorganismSurfaces where it was foundAssociated pathologies*Acinetobacter* spp.Hospital surfaces (mattresses, medical charts ...) [@bib0165], [@bib0210], [@bib0715], [@bib0720]\
Environmental surfaces (telephones) [@bib0085]\
Food-contact surfaces [@bib0725], [@bib0730]Respiratory tract infection, pneumonia, wound infection, bacteremia [@bib0735], [@bib0740]*Aspergillus* spp.Hospital surfaces (cleaning towels, nursing stations, sink waste pipes, medical overalls...) [@bib0195], [@bib0745], [@bib0750]Pulmonary infection, skin infection, central nervous system infection, endocarditis [@bib0755], [@bib0760], [@bib0765], [@bib0770]*Campylobacter* spp.Food-contact surfaces [@bib0775], [@bib0780], [@bib0785], [@bib0790]Gastroenteritis (diarrhea) [@bib0035], [@bib0795]*Candida* spp.Hospital surfaces (sink, chairs...) [@bib0720], [@bib0800]Oral and vaginal Candidiasis [@bib0805], [@bib0810]*Clostridium difficile*Hospital surfaces (bed rails, tables, call buttons, toilets, chairs...) [@bib0140], [@bib0815], [@bib0820]\
Environmental surfaces (toilets, sinks, vacuum cleaners, hotel room surfaces...) [@bib0825], [@bib0830]Gastroenteritis (diarrhea), Pseudomembranous colitis [@bib0835]CoronavirusEnvironmental surfaces (daycare center surfaces, university classroom surfaces) [@bib0080], [@bib0840]\
Hospital surfaces (bedrails, doorknobs, ventilator control panels, TV remote controls...) [@bib0845], [@bib0850]SARS (severe acute respiratory syndrome) and MERS (middle east respiratory syndrome) [@bib0855]*Enterococcus* spp. (including vancomycin-resistant enterococci)Hospital surfaces (mattresses, medical charts...) [@bib0165], [@bib0210], [@bib0715]\
Environmental surfaces (fitness centers...) [@bib0090]\
Food-contact surfaces [@bib0860]Endocarditis, meningitis, catheter-related infection [@bib0865], [@bib0870], [@bib0875]*Escherichia coli*Hospital surfaces (medical charts...) [@bib0715], [@bib0720], [@bib0880]\
Food-contact surfaces [@bib0055], [@bib0775], [@bib0860]Gastroenteritis (diarrhea), peritonitis, urinary tract infection [@bib0885], [@bib0890], [@bib0895]Influenza virusEnvironmental surfaces (toilets, toys, faucets, floors, door knobs, TV remote controls) [@bib0900], [@bib0905], [@bib0910]\
Hospital Surfaces [@bib0905]Influenza (flu) [@bib0915]*Klebsiella* spp.Hospital surfaces (mattresses, medical charts ...) [@bib0160], [@bib0165], [@bib0715], [@bib0720]\
Environmental surfaces (fitness centers...) [@bib0090]\
Food-contact surfaces [@bib0730]Urinary tract infection, pneumonia, respiratory tract infection [@bib0740], [@bib0885]NorovirusHospital surfaces (door handles, taps, light switch, telephones...) [@bib0920], [@bib0925]\
Environmental surfaces (carpets, door handles, soft furnishing, toilet seats, tables...) [@bib0930], [@bib0935]Gastroenteritis (diarrhea)[@bib0940]*Pseudomonas* spp.Hospital surfaces (mattresses, showers, taps, sinks, bed rails...) [@bib0160], [@bib0165], [@bib0720]Wound infection, urinary tract infection, respiratory tract infection, pancreatitis, otitis, necrotizing pneumonia, bacteremia, sepsis [@bib0945], [@bib0950], [@bib0955], [@bib0960]RotavirusHospital surfaces (bed rails, chairs, cardiac monitor keyboard, door handles, TV remote controls, telephones...) [@bib0965], [@bib0970]Rotavirosis (acute diarrhea) [@bib0795]*Salmonella* spp.Food-contact surfaces [@bib0730], [@bib0775], [@bib0785], [@bib0790]\
Environmental surfaces (fitness centers, toilets...) [@bib0090], [@bib0975]\
Hospital Surfaces (curtains, stethoscope...) [@bib0210], [@bib0980]Enteric fever, Gastroenteritis (diarrhea) [@bib0035], [@bib0795], [@bib0985]*Staphylococcus* spp. (including MRSA)Hospital surfaces (mattresses, curtains, ECG wires, medical charts ...) [@bib0160], [@bib0165], [@bib0180], [@bib0190], [@bib0715], [@bib0720]\
Environmental surfaces (public telephones, fitness centers, elevator buttons, hotel room surfaces...) [@bib0085], [@bib0090], [@bib0095], [@bib0830]\
Food contact surfaces [@bib0775], [@bib0860], [@bib0990]Gastroenteritis (diarrhea), skin infection, pneumonia, catheter infection [@bib0035], [@bib0995], [@bib1000], [@bib1005]

2.1. Food contact surfaces {#sec0015}
--------------------------

It is estimated that each year, in the United States alone, 9.4 million episodes of foodborne illness occur resulting nearly 56,000 hospitalizations and over 1300 deaths. The microorganisms most commonly associated with this phenomenon are norovirus, *Salmonella* spp., *Clostridium perfringens* and *Campylobacter* [@bib0035].

Food contamination can result from several factors and occur at different points of the preparation process. From farming to the moment of consuming, food goes through several steps where contamination by microorganisms can occur. Temperature and storage conditions are important factors to prevent food spoilage however, there are other factors that can cause microbiological contamination [@bib0040].

Food-contact surfaces' contamination can cause food contamination with pathogens during processing or packaging. Bacteria are naturally present in plants and animals and it is easy for them to attach to a food contact surface during handling. Due to adhesion mechanisms bacteria can remain on the surfaces and contaminate other foods [@bib0045]. Chopping boards, knifes and preparation tables are just some of the food preparation instruments found contaminated with bacteria [@bib0050].

Saad et al. [@bib0055] evaluated hygiene conditions on food preparation facilities by analysing food-contact surfaces and the results were quite adverse, suggesting fecal contamination. Coliform bacteria were found in dining tables (58%), food trays (33%), cooking pots (33%) and kitchen faucets (8%). In addition, *E. coli* was identified in some cooking pots.

In this study, surfaces with a count of total mesophilic aerobes of \>10 CFU/cm^2^ or \>1 CFU/cm^2^ for *E. coli* and coliforms were considered to fail hygiene criteria, according to the Commission of the European Communities guidelines [@bib0060] for hygiene conditions in fresh meat processing facilities.

Although most countries have guidelines about hygiene measures and good practice on food processing facilities not always the cleaning procedures are sufficient to prevent microorganisms propagation [@bib0020]. Most of the times the cleaning cloths used in cleaning can become contaminated if soaked with disinfectants in the wrong dilution (common fault in food handling facilities), contributing to microorganisms' spread to previously uncontaminated surfaces [@bib0065].

In the food industry, the occurrence of biofilm formation is also a common event due to inefficient cleaning and disinfection. The remaining microorganisms can survive on the surfaces, especially if food residues remain. This will promote the development and multiplication of bacteria with consequent biofilm formation that is extremely hard to eliminate, becoming even more difficult to disinfect the surface [@bib0070].

2.2. Schools and public spaces {#sec0020}
------------------------------

Schools and day-care centers are hot spots of infection spreading. Lack of hygiene habits, common among very young children, is one of the main causes of contamination between kids, leading to the contamination of other children, staff, parents or people in the community, either by direct contact or by contaminating surfaces.[@bib0075].

Ibfelt et al. [@bib0080] evaluated the presence of bacteria and viruses in day-care centers in Denmark and different surfaces from toilets, kitchens and playrooms were analyzed. The results proved contamination by several bacteria and virus. Despite the main bacteria present were non-pathogenic, several surfaces revealed the presence of coliform and nasopharyngeal bacteria. Respiratory viruses were mainly present on toys but also on pillows and playroom tables. Gastrointestinal viruses although less prevalent were found in some surfaces, mainly on playroom pillows and toilet surfaces.

A study by Jerković-Mujkić et al. [@bib0085] analyzed potential contamination in 60 public telephones and the results showed high presence of microorganisms on the surfaces. S*taphylococcus epidermidis* (73.3%) and *Bacillus subtilis* (40%) were the most common bacteria identified, however more species were isolated.

Mukherjee et al. [@bib0090] evaluated the presence of microorganisms on different surfaces of a fitness center. The samples were collected from skin-contact surfaces as floor mats and exercise instruments, regularly shared by many people. In total, 63 species were identified with the presence of some pathogenic or potential pathogenic bacteria like *Salmonella*, *Staphylococcus* or *Klebsiella*. *Staphylococci* were present in the majority of the surfaces being one the most prevalent species, namely *S. aureus*, *S. epidermidis* and *Staphyloccocus saprophyticus*.

Kandel et al. [@bib0095] developed a study with stupefying results. They compared microbiological contamination of toilet surfaces with buttons on hospital elevators, and the buttons showed higher colonization (61%) than the toilets (43%). The most common bacteria on both surfaces were *Staphylococcus* and *Streptococcus*, however other bacterial species were founded, as wells as fungi.

Otter and French [@bib0030] studied the presence of microorganisms in hand-touch surface in public transport system. The samples were collected from several surfaces in trains, stations and buses of London. The presence of bacteria was confirmed, and most sites presented a median bacterial concentration of 12 CFU cm^−2^. Even though there are no guidelines for acceptable values for bacteria\'s presence on surfaces of public spaces this value is higher than the recommended for food-processing surfaces [@bib0060] and hospital hand-contact surfaces [@bib0100], [@bib0105].

2.3. Hospital surfaces {#sec0025}
----------------------

It has been recognized that hospitals' contaminated surfaces and medical equipment contribute to the contamination of patients and medical staff [@bib0015], [@bib0025]. Several factors contribute to this occurrence but the mains reason is associated with the high prevalence of microorganisms in healthcare facilities.

Pathogens with the ability to cause high rates of infection come from different sources such as patients' endogenous flora (40--60%), hands of medical staff and assistants (20--40%), antibiotic-driven changes in patients' flora (20--25%) and other, including contamination of the environment (20%) [@bib0110].

Carling et al. [@bib0115], [@bib0120] have shown that in some cases less than 50% of hospital surfaces can be considered clean after terminal disinfection procedures. However, for specific surfaces the rate can be even more alarming with less than 30% of bedpan cleaners, bathroom hand-holds, light switches, and doorknobs being cleaned [@bib0125]. Contact between hands and gloves of medical staff with contaminated surfaces leads to pathogens' spreading to other surfaces and people [@bib0025]. Particularly if they are immunocompromised patients, the risk of developing an infection is very high [@bib0130].

Stiefel et al. [@bib0135] found out that the level of contamination of gloves on medical staff after contact with patients' skin sites was actually quite similar (40% vs 45%) to the level of contamination after contacting with surfaces on methicillin- resistant *Staphylocococcus aureus* (MRSA) carriers' rooms, suggesting that environmental surfaces may pose serious risks.

An identical study from Guerrero et al. [@bib0140] found similar results for *C. difficile* contamination, proving that the risk of hand contamination after contact with patients' skin was the same than when contacting with rooms' highly-touched surfaces (50% vs 50%).

This issue is also related to the compliance of hospital workers on performing disinfection protocols. A recent study from Stahmeyer et al. [@bib0145] showed that only 42% of healthcare workers washed their hands before contact with a patient, and 50% washed their hands after contact with the patient. Also, this study found out that 94.3% of healthcare workers' hand hygiene procedure lasted less than 15 s (average 7.6 s), when the recommendations is that it should last around 30 s.

Another study evaluating disinfection compliance by healthcare workers showed that only 26% of the enquired radiologists affirmed to disinfect their workstation daily, 24% admitted never to have disinfected their workstation, and 100% said to have never received any recommendation on how to perform the disinfection [@bib0150].

Several studies have proved that surfaces in rooms of patients infected with important pathogens are frequently contaminated, and that a person admitted to a room previously occupied by an infected patient has an increased likelihood of developing colonization or infection with that pathogen [@bib0125], [@bib0155].

A study performed in Portugal by Geadas Farias et al. [@bib0160] revealed hospital surfaces' contamination with different microorganisms, mostly *Pseudomonas* and *Staphylococcus*. Several surfaces were contaminated but some of those with higher microbiological presence were surfaces associated with water distribution system as sinks, taps, showers and drains.

Viana et al. [@bib0165] performed an analysis on hospital mattresses, and resistant bacteria were found on about 50% of the evaluated mattresses. *A. baumannii* was the main species found, being present in 73.1% of the mattresses, but also other pathogens were collected as *K. pneumoniae* and *P. aeruginosa.* This study also identified the microorganisms found on mattresses and showed that in 54% of the cases the microorganisms were not related to the current patient admitted in the room but to the previous one, concluding that even after cleaning microorganisms still remain on the mattresses being a possible source of contamination to other patients.

Despite most studies evaluating the effectiveness of room disinfection have focused on some specific surfaces considered dirty (sink, toilets, etc.), all spots must be considered since contamination can be present on unsuspected surfaces [@bib0170]. Actually, White et al. [@bib0175] found out in an hospital that microbiologically the sinks and floors were cleaner than hand touch sites as chairs, beds and cardiac monitors buttons.

Shek et al. [@bib0180] developed a study where hospital curtains of burn and plastic surgery units were microbiologically tested. The results proved a considerable presence of bacteria on the curtains, even multi resistant bacteria as MRSA.

Levin et al. [@bib0185] found that in situations of poor infection control practices it is possible for patients to become a source for unresolved contamination of portable radiographic equipment with pathogenic bacteria, namely resistant bacteria.

Lestari et al. [@bib0190] performed a similar study but evaluating ECG lead wires, and among the 451 lead wires analyzed only 2 were non-contaminated with some type of microorganism. Coagulase negative staphylococci and aerobic spore forming bacteria, two important types of pathogens, were present in 96% and 71% of the wires respectively. The ineffective cleaning associated with the ability of microorganisms to survive on surfaces under hostile conditions, for long periods of time, is a serious cause of pathogens spreading to people and to other surfaces [@bib0155].

The presence of biofilms, the substances used in the cleaning process, and the method and frequency of cleaning, all interfere in the grade to which microorganisms resist to the cleaning and disinfection procedures. Badly executed cleaning procedures may bring bigger problems than not cleaning at all. The transmission of microorganisms from a contaminated surface to a clean one can occur if the cleaning method is not correct. Also, most detergents do not have antimicrobial activity they only act in the microorganisms' removal, leading to the contamination of the cleaning cloths with viable microorganisms, and its consequent spread to non-contaminated surfaces [@bib0195].

The frequency of cleaning is also an important factor, since surfaces such as toilets, sinks, and other known as dirty surfaces tend be cleaned frequently [@bib0200]. However, other surfaces thought safe but still highly touched are often neglected, being poorly cleaned. For example, according to the *Practical Guidelines for Infection Control in Health Care Facilities* [@bib0205], mattresses without plastic covers must be steam cleaned if contaminated with body fluids. However, if body fluid contamination does not occur the mattresses are not so often cleaned, allowing microorganisms to accumulate with time and use, as proved by Viana et al. [@bib0165]. Also Geadas Farias et al. [@bib0160] have found that surfaces usually not considered dirty but highly touched as light switches or nursing trays were contaminated with several microorganisms.

A very recent study by Johani et al. [@bib0210] revealed the presence of biofilms in many surfaces of intensive care units despite regular disinfection procedures. Several highly touched surfaces were analyzed and in 70%, the presence of biofilm was proved by scanning electron microscopy.

In many situations the lack of adequate training of the environmental cleaning services or of the medical staff ultimately promotes the use of inappropriate detergents or germicides promoting the survival of microorganisms on the surfaces, even after cleaning [@bib0215].

Among the most used disinfectants are substances based on hypochlorite, alcohols, aldehydes, phenols and quaternary ammonium compounds [@bib0220]. However, not all of these substances are efficient against some specific types of microorganisms, namely spore forming pathogens like *C. difficile* [@bib0225]. Some disinfectants may cause resistance on the microorganisms if not used within specific parameters [@bib0230].

There are several guidelines [@bib0205], [@bib0235], [@bib0240] for infection control that suggest cleaning and disinfection methodologies to be applied in healthcare facilities. These guidelines not only suggest how to disinfect medical equipment but also how to clean environmental surfaces as floors, furniture or toilet seats. However, different guidelines present different opinions on the frequency of cleaning or advisable disinfectants/detergents for each situation since there is no standardization for the methods and cleaning agents to be used.

In addition, there is a lack of guidelines suggesting effective standardized methods to assess environmental cleaning. Visual evaluation is still the most used method to determine a surface cleanness, however even if a surface is apparently clean it can contain a high microbial load [@bib0245].

3. Guidelines for microbiologic limit values on surfaces {#sec0030}
========================================================

According to the Commission of the European Communities [@bib0060] guidelines for hygiene conditions in fresh meat processing facilities, food-contact surfaces with \>10 CFU/cm^2^ for total viable count and \>1 CFU/cm^2^ for *Enterobacteriaceae* are considered unacceptable.

There are no established limit values for microorganisms on surfaces for Public spaces, and there is poor control on cleaning performance. As depicted in Section [2.2](#sec0020){ref-type="sec"} surfaces in these places are often contaminated showing values higher than those allowed on healthcare facilities (2.5--5 CFUs/cm^2^). More regulation should be made to assess the cleaning and disinfection efficacy and compliance on such places, namely on spaces with more susceptible people as schools, day-care centers or elderly homes. More guidelines about how to clean and how often would be a good option, as well as a higher microbiological assessment on surfaces, that is rarely or never done in public spaces.

For healthcare facilities, there is some controversy about the acceptable number of microorganisms on surfaces since there are no established thresholds, only tentative suggestions from researchers.

For some authors, clean hand-contact surfaces in hospitals must have less than 5 CFUs/cm^2^, with an increased risk of infection for values above that [@bib0100]. Other researchers have proposed the maximum value of 2.5 CFUs/cm^2^ as the limit level of contamination in clean hospital surfaces [@bib0105], [@bib0250].

For some specific microorganisms, considered indicator organisms, the limit value must be even lower. The presence of such microorganisms (for example *S. aureus*, *C. difficile*, vancomycin-resistant *Enterococci* or *Acinetobacter* spp.) is considered indicative of the need for cleaning even at levels of 1 CFUs/cm^2^ [@bib0100]. Some reference limit-values either from governmental entities or from research studies are listed in [Table 2](#tbl0010){ref-type="table"} .Table 2Limit values suggested for aerobic colony count of microorganisms in different types of surfaces.Table 2LocalAerobic colony count (limit value)Indicator microorganismsEntity/ResearcherFood-contact surfaces10 CFU/cm^2^1 CFU/cm^2^ for *Enterobacteriaceae*[@bib0060]Public spaces' surfaces------Hospital surfaces5 CFU/cm^2^1 CFU/cm^2^ for *S. aureus (including methicillin resistant)*, *C. difficile*, multiply resistant Gram-negative bacilli, vancomycin-resistant *Enterococci*, *Salmonella* spp, *Acinetobacter spp*[@bib0100]2.5 CFU/cm^2^--[@bib0250]2.5 CFU/cm^2^1 CFU/cm^2^ for *Enterobacteriaceae* and *S. aureus*[@bib0105]

The limit of \<1 CFUs/cm^2^ for indicator microorganisms makes sense since it has been shown that an infectious dose of 1 CFUs/cm^2^ was sufficient to cause *C. difficile* infection on mice [@bib0225]. Also, it was observed that very low doses of norovirus have the capacity to cause infection [@bib0255]. These results show that microbiological contamination on surfaces poses a real risk of infection, since the environmental infectious dose can be very low for some microorganisms.

There is still the need for reaching a consensus and creating general guidelines for healthcare facilities. Establishing clear limit values and implementing frequent microbiological assessment protocols are some of the steps that should be in the horizon.

4. Antimicrobial and self-cleaning surfaces {#sec0035}
===========================================

To avoid contamination and consequent infection propagation on surfaces, several alternative strategies have been developed recently. Application of aerosols or UV light on contaminated surfaces are good examples of no-touch strategies, and they seem to be a good option to be applied in hospital environment [@bib0260]. However, these approaches still present some limitations.

UV light, in hospital facilities, can only be applied in empty rooms, therefore it cannot be used for a daily cleaning routine. Also, it only disinfects areas directly reached by the UV light, so many objects and surfaces remain contaminated after this disinfection approach. Aerosols are efficient but take a long time to decontaminate the surfaces compared to conventional cleaning or UV light. Besides that, these strategies are also exclusively used in empty rooms. This factor increases the necessary time to do the final disinfection of the room and perform the beds turnover in hospitals [@bib0265].

Cold plasma technology is another disinfection strategy that has recently been applied on surfaces. Plasma is the fourth state of mater and it can be generated from gases that became ionized with lots of ions, electrons and free radicals that will provide good electric conductivity. Plasma is known to have high levels of energy and it can change molecules composition making them highly ionized and with many free radicals moving randomly in all directions. For example, when a molecule of hydrogen peroxide is exposed to this technology the double bond on the molecule is broken, creating reactive oxygen species like hydroxyl radicals that in need to seek equilibrium will bind to surrounding microorganisms destroying them by oxidation [@bib0270], [@bib0275]

This technology has already been tested in food industry to decontaminate vegetables [@bib0280] and meat [@bib0285] with good results obtained and also to decontaminate surfaces as packaging materials. Puligundla et al. [@bib0290] have tested the elimination of different bacteria such as *E. coli*, *Salmonella typhimurium* and *S. aureus*, from several materials often used on food packages such as glass, polypropylene, polyethylene, nylon and paper foil. The results were quite promising with several log reductions after 5 to 10 minutes of treatment. Even though the results of this emerging technology are quite encouraging as a possible strategy to disinfect surfaces, more studies are needed to assure its safety and profitability to disinfect larger surfaces.

Surface modification/functionalization is another common procedure to obtain anti-adhesive or antimicrobial properties on different materials. This approach has several advantages over conventional disinfection techniques. For example, antimicrobial surfaces are in constant process of activity oppositely to no-touch technologies or conventional cleaning. This way the antimicrobial charge on the surfaces is reduced immediately after contact preventing its propagation and consequent contamination of surrounding surfaces or people [@bib0295], [@bib0300].

Other advantage is the possibility of these surfaces to be present in populated environments since they cause no harm to people with no need to remove people from the rooms to perform the disinfection. In addition, modified surfaces are not restricted to external surfaces. Medical devices such as urinary catheters, central venous catheters, prosthesis or contact lenses are some of the surfaces that have been functionalized to obtain better compatibility properties and lower infection risk when inserted on the human body [@bib0305], [@bib0310], [@bib0315], [@bib0320].

Self-disinfecting surfaces are an emerging topic with more and more products coming up. Some of the most recent strategies developed to obtain surfaces with anti-adhesive and antimicrobial properties are discussed below.

4.1. Anti-adhesive surfaces {#sec0040}
---------------------------

Several natural surfaces have suffered diverse evolutionary processes that turned them resistant to microorganisms' colonization. Natural and bio-mimicked surfaces of insects' wings, sharks' skin, and lotus' leaves exhibit antibiofouling properties by preventing different cells, particles or microorganisms from attaching to their surface [@bib0325]. Considering this, some of these natural anti-adhesive or self-cleaning surfaces have been investigated for their potential application on micro/nanostructured surfaces development. However it is also possible to give anti-adhesive properties to a surface by modifying the material\'s chemistry, namely using self-assembled monolayers or polymer brushes immobilized on the surface ([Fig. 1](#fig0005){ref-type="fig"} ) ([@bib0330], [@bib0335], [@bib0340]).Fig. 1Anti-adhesive surfaces produced by: (a) chemical and (b) physical modification.Fig. 1

### 4.1.1. Chemical modification {#sec0045}

There are several ways to produce materials with anti-fouling properties acting at the level of surface modification with chemical structures. Functional groups exhibited by the material\'s surface interact with those in the microorganism' cells determining the kinetics of microbial adhesion.

For instance, surfaces highly negatively charged, i.e. polyanionic surfaces have the ability to repulse the bacteria with polyanionic glycocalice (most of gram-positive bacteria) through electrostatic interactions. However, gram-negative bacteria have policationic glycocalices, so this surface modification mechanism is only effective against some bacterial species and sometimes only against specific strain types [@bib0345].

Zwitterionic materials, such as carboxybetaine, sulfobetaine, and phosphobetaine also have anti-fouling properties. Zwitterionic polymers have an equal number of anionic and cationic groups present in their repeating unit. This fact gives these polymers ultra-hydrophilicity and consequently great hydration ability [@bib0350], [@bib0355]. Studies concerning surface modification with zwitterionic polymers have proved to be a promising strategy to reduce microorganisms' adhesion [@bib0360], [@bib0365]. Very recently, a study using a tyramine-conjugated sulfobetaine polymer, grafted on polyurethane showed a great reduction in *S. aureus* adhesion to the surface [@bib0370].

Coating with polymeric brushes can also prevent microorganisms' adhesion. Apart from avoiding direct contact between microorganisms and the surfaces, the polymers used for brushes are usually hydrophilic, so water will be attracted into the brush forming a repellent layer in aqueous environment. Proteins and microorganisms encountering the brush surface will be repelled by steric hindrance due to the water bound in the brush and the elasticity of the polymer chains [@bib0375]. Polyethylene oxide (PEO) and polyethylene glycol (PEG) are two examples of polymers used to produce hydrophilic brush coatings on biomaterials. In a recent study by. Hadjesfandiari et al. [@bib0380] it was proved that PEO brushes covalently immobilized reduced 98% the adhesion of *Staphylococci* and *E. coli* to a surface.

### 4.1.2. Physical modification {#sec0050}

Apart from the chemistry, also topography of a surface can be structured to increase anti-adhesive properties. As an attempt to find efficient alternatives over more classic antimicrobials, micro/nanostructured materials present themselves as possible solutions. Recently, have been done an attempt to elucidate if alterations on micro or nanotopography of a surface could influence colonization and consequent contamination. An example of structure modification is the application of superficial nanostructures (nanoparticles, nanofibers or nanotubes) reducing the area available for microorganisms to attach [@bib0385], [@bib0390], [@bib0395].

As said previously, mimicking the topography of anti-adhesive surfaces innately present in nature is an innovative way to obtain new self-disinfecting surfaces.

Many plants have special surface properties namely wettability. For instance, lotus leaves have micropapillae structures covered by nanostructures with fine branch-like shape. These structures along with epicuticular needle-shaped wax tubes that cover them give the lotus leaf a superhydrophobic surface and consequently antifouling properties. Water droplets roll down the lotus leaf due to its great hydrophobicity dragging out any possible particles present, and maintaining its surface clean [@bib0400].

Other example of nature that inspired anti-adhesive surfaces' coating is sharkskin. Sharks have a special scale micropattern, which consist of a rectangular base embedded in the skin with tiny spines on the surface. The ribbed texture of these scales is responsible for the self-cleaning, anti-biofouling, hydrophobic and drag reducing properties of shark skin [@bib0405], [@bib0410]. Such properties have made of sharkskin one of the most mimicked surfaces, not only in research environment but in industrial area too.

Sharklet AF (Sharklet Technologies, Alachua, FL, USA) is a company that uses shark skin topography in different surfaces in order to avoid bacterial adhesion and biofilm formation [@bib0415], [@bib0420]. A study comparing Sharklet micropattern surfaces with regular surfaces in a clinical simulated scenario proved that shark skin microtopography reduced the number of attached bacteria by about 5 fold [@bib0425].

4.2. Antimicrobial surfaces {#sec0055}
---------------------------

There are several materials with intrinsic antimicrobial properties, as silver, zinc, cooper, or chitosan. Nevertheless, materials can also be modified to acquire bactericidal activity [@bib0430]. Chemical or physical changes in the surface can produce antimicrobial effect. Chemical substances such as antibiotics or biocides can be incorporated in the materials to give it antimicrobial properties. However, a balance between these properties and biocompatibility must be observed since the materials will be in direct contact with users' organism raising toxicity concerns. Photo-activated surfaces are also an example of self-disinfecting materials recently developed. [Fig. 2](#fig0010){ref-type="fig"} presents some examples of different types of antimicrobial surfaces.Fig. 2Types of antimicrobial surfaces: (a) photo-activated, (b) with intrinsic antimicrobial properties, loaded with some antimicrobial, either by (c) incorporation or (d) coating.Fig. 2

### 4.2.1. Intrinsically active antimicrobial materials {#sec0060}

Some materials have intrinsic antimicrobial properties. They do not need antimicrobial loading to exert its activity since the material by itself has the natural ability to eliminate microorganisms. Among the most known natural materials with antimicrobial properties are metals as silver, copper, or zinc and polymers like chitosan [@bib0340].

For many metals with antimicrobial properties, it is the ionic form that presents higher bactericidal activity and not the elemental metal. Silver and copper are good examples of that.

Silver has been used in medical field for many centuries due to its antimicrobial properties. Its bactericidal mechanism is based on the binding of silver atoms with thiol (SH) and disulfide (S--S) groups present in the proteins of bacterial cell membranes, leading to its disruption and eventual cell death [@bib0435]. Silver has been used for many applications on medical field especially when added in the form of silver sulfadiazine to creams or wound dressings [@bib0440]. Several wound dressing containing silver are available on market, however, not always they comply the expectations. Cavanagh et al. [@bib0445] analyzed 6 different silver dressings on market and only two of them showed bactericidal activity against *S. aureus*. Apart from that, silver dressing may be related with increased serum silver levels with an associated decrease on white blood cells [@bib0450]. This leads us to conclude that the delivery system of the antimicrobial is very important. A delivery mechanism that acts by contact without leaching silver ions to the surrounding areas or tissues would be good strategy to achieve antimicrobial action without compromise the safety of the product.

More recently, silver nanoparticles have been greatly studied and used to produce potential antimicrobial materials such as catheters and surgery sutures [@bib0455], [@bib0460]. However, for biomaterials implanted inside the organism there are some possible risks associated with releasing of silver ions causing local toxicity and possible accumulation in organs [@bib0465]. Silver may also have different ranges of efficacy according to the class of bacteria. Gram-positive bacteria\'s cell walls do not have an outer membrane as Gram-negative bacteria do, but they have several layers of peptidoglycans, making their cell wall thicker [@bib0470]; this, along with their negative charge results in the trapping of silver ions (positively charged) preventing their entrance into the bacteria [@bib0475].

AGC Glass (AGS Glass UK Ltd., Rugby, Great Britain) developed an antibacterial glass by incorporating Silver ions inside the glass. The company claims that this glass eliminates 99% of bacteria and prevents fungi proliferation which they demonstrated in the three bacterial and two fungi strains evaluated [@bib0480].

Surfacine Development Company (Tyngsborough, MA, USA) is another company that developed a silver coating (Surfacine^®^) that can be applied in several materials, from medical devices to food preparations and packaging industry or water distribution systems. This coating showed good antimicrobial activity against several bacteria, fungi and yeast [@bib0485].

Other company, PureThread Technologies Inc. (Cary, NC, USA) has developed PureThread^®^, a system that embeds silver salts into textile fibers, obtaining antimicrobial textiles. According to the company this system does not weaken or disappears during washing and kills 99.9% of microorganisms after four hours of contact with the fabric [@bib0490]. A scientific paper about a study involving hospital curtains incorporating the antimicrobial textile developed by this company proved that those curtains take more time to be contaminated for the first time when compared to regular curtains [@bib0495].

Similarly, to silver, copper has been used for many centuries as an antimicrobial agent especially for water treatment and transportation. Copper was also very used in the nautical field, to prevent adhesion and growth of organisms in hulls of ships [@bib0500]. The bactericide mechanism of copper is related to the release of copper ions that cause damage in the bacterial envelop and consequent leakage of the cell content and influx of copper ions into the bacteria. This will generate toxic radicals causing oxidative damage to cellular components and DNA degradation [@bib0505].

More recently copper came up as an alternative for preventing hospital acquired infections through its application in hospital surfaces and medical equipment [@bib0510]. A study by Souli et al. [@bib0515] performed on a hospital intensive care unit, compared two rooms, one with copper coated equipment (beds, side table, intravenous pole stands, etc.) and the other with regular equipment. The copper coated equipment room presented a reduced percentage of colonized surfaces (55.6%) compared to the regular compartment (72.5%). This study showed both reductions in colonization by gram-negative and gram-positive bacteria and in total bioburden (2.9 vs 7.6 CFU/100 cm^2^).

Sifri et al. [@bib0300] also developed a study where a section of an acute care unit was equipped with copper impregnated materials, hard surfaces and textiles-patients' gowns, sinks, bed rails, tray tables, sheets and blankets. The results were quite promising with copper equipped section presenting patients' infection reductions of 83% when caused by *C. difficile* and 68% when caused by multi drug resistant organisms, comparing to a non-modified section in the same hospital unit. Two companies that collaborate with each other, Cupron Medical Textiles (Cupron Inc., Richmond, VA, USA) and Cupron Enhanced EOS Surfaces (EOS Surfaces, Norfolk, VA, USA) provided the copper impregnated materials used for this study. The product developed is a hard-antimicrobial surface impregnated with copper that continuously kills 99.9% of harmful bacteria in two hours, according to its specifications. According to the company this surface is effective against *S. aureus*, *Enterobacter aerogenes*, MRSA, *E. coli* and *P. aeruginosa* [@bib0520].

### 4.2.2. Loading antimicrobial compounds into materials {#sec0065}

There are several substances with antimicrobial activity that can be added to a surface to obtain an antimicrobial surface.

Antibiotics were one of the first substances to be applied to surfaces such as prosthesis or textiles for wound dressing production, to obtain antimicrobial action. Despite the promising results, it is well known that the major disadvantage of antibiotics use is the microorganisms' ability to develop resistance. This drawback has led to an increasing search for alternatives to be used as antimicrobials. Quaternary ammonium compounds, chlorhexidine, benzalkonium chloride or nitric oxide are some examples of substances that were already tested as an alternative [@bib0525], [@bib0530], [@bib0535]. Quaternary ammonium compounds are disinfectants used in hospitals and healthcare facilities for several clinical purposes as disinfection of surfaces and medical material. However, more recently the quaternary ammonium compounds have been tested as antimicrobial loading agents to different surfaces and materials, namely polymers [@bib0540], [@bib0545].

Antimicrobial peptides (AMPs) are a class of peptides, components of innate immune system, with a broad activity against bacteria, virus, fungus and more, providing a non-specific defense against a broad spectrum of invaders [@bib0550]. Recently, numerous studies [@bib0555], [@bib0560] refer its use as antimicrobial loading agents for their excellent characteristics, presenting several advantages over classic antibiotics, namely fast and broad spectrum of action with low susceptibility to induce bacterial resistance [@bib0565]. In contrast with the mechanisms of action of antibiotics, which are based in slow processes of enzymatic inhibition and target specific cellular activities as DNA or protein, the AMPs are effective against different species of microorganisms and also reduce the risk of resistance development [@bib0565], [@bib0570], [@bib0575].

For all these reasons, AMPs are being applied in the production of antimicrobial surfaces, either by simple adsorption on the surface or covalent immobilization [@bib0580]. Nevertheless, studies suggest that covalent immobilization offers many advantages toward physical adsorption, including higher local and long-term stability, and lowering toxicity [@bib0580], [@bib0585].

All those antimicrobial substances are loaded to the surface either by immobilization or by incorporation on the bulk material; recent studies on the application of each type of loading strategy are summarized next.

#### 4.2.2.1. By incorporation {#sec0070}

In materials' incorporation process, the antimicrobial substances are added to the ingredients during the phase of production, to obtain a homogeneous mixture of the bulk material with the antimicrobial. This system allows antimicrobial activity throughout the bulk material, even in deeper layers and not only on the surface. This allows the material to retain its antimicrobial activity even when worn out [@bib0590], [@bib0595].

In a very recent study, Ferreira et al. [@bib0600] used Levofloxacin to load a bone cement, achieving good results against *S. aureus* not only on its planktonic form but also on biofilm. That was quite positive since this bacterial strain is greatly associated with biofilm formation on bone implants.

Ciprofloxacin incorporation on textile fibers by electrospinning was tested by Li et al. [@bib0395] This strategy aimed to produce a bandage to prevent wound infection and the results in vivo (rats animal model) were quite positive for *E. coli* and *S. aureus*.

In Han et al. [@bib0605] study they incorporated quaternary ammonium methacrylates in dental adhesives to prevent caries by avoiding the accumulation of bacteria and biofilm formation on teeth, testing the presence of three Staphyloccocal species (*Staphylococcus mutans*, *Staphylococcus gordonii*, and *Staphylococcus sanguinis*) and the results showed a decreased biofilm formation for the adhesives containing the quaternary ammonium methacrylates.

Nanoparticles containing quaternary ammonium polyethylenimine were tested in a study about endodontic sealers by Barros et al. [@bib0590]. The results were quite positive for *Enterococcus faecalis*, with the endodontic sealers showing good antimicrobial activity.

The AMP, LL-37, was incorporated by Cassin et al. [@bib0610] in a membrane of collagen and hyaluronic acid for the production of anti-infective films to cover injured tissues.

#### 4.2.2.2. By coating {#sec0075}

Antimicrobial coatings can be obtained either by adsorption of the antimicrobial substance, by covalently binding it to the material or by immobilizing it using self-assembled monolayers. This strategy can be an advantage for some substances that are too toxic to be used as bulk material but that immobilized in small amounts as surface coatings can exert their antimicrobial activity without the toxicity drawback [@bib0580], [@bib0615].

The coatings can also be divided according to their mechanism of action. They can deliver the antimicrobial substance by leaching, releasing it to the surrounding area or direct contact with the surface where the coating is immobilized.

Some coatings release substances with antibacterial properties that will interact with microorganisms acting away from the bulk. This leaching mechanism has the advantage of a larger perimeter of action around the surface where it is immobilized. It is important, though, that this release into the surrounding area is controlled to avoid toxic effects by excess of substance [@bib0620].

Coatings can also attach certain antimicrobial molecules to the materials' surface. Several coatings can be classified as "contact biocides" since they use non-leachable substances that kill by contact with the bacteria and with no need to be released from the surface. This strategy is very interesting for both the self-sterilizing effect and the long-lasting activity, acting just through a direct contact with bacteria without consuming itself releasing from the surface without need [@bib0585], [@bib0625].

Alt et al. [@bib0630] realized a study where coating of Rifampicin and Fosfomycin was applied to prosthesis showing good efficacy against *S. aureus*, even the methicillin resistant strain, on a rabbit animal model. Neut et al. [@bib0635] performed a similar study using a gentamicin-releasing coating that was able to prevent *Staphylococci* growth on a prosthetic hip surface for at least 60 hours, showing promising results.

In a work by Iyamba et al. [@bib0530], quaternary ammonium compounds (hexadecyltrimethyl ammonium bromide and hexadecylbetainate chloride) were immobilized on medical catheters reducing *S. aureus* adhesion to its surface. Zanini et al. [@bib0640] also developed a work in which quaternary ammonium silanes were used to coat polyurethane catheters. The results were promising with this coating proving its antimicrobial activity against *E. coli* bacteria.

In a recent study, Casciaro et al. [@bib0555] successfully covalently immobilized frog skin derived AMP on contact lenses. This strategy not only reduced the adhesion of *P. aeruginosa*, a species highly associated with contact lenses associated keratitis, but it also proved to be non-toxic to mammalian cells and it did not compromise the lenses physical properties.

AMPs have also been immobilized on nanoparticles as loading strategy. Ma et al. [@bib0560] immobilized the AMP HHC-36 on titanium oxide (TiO~2~) nanotubes by physical adsorption with the nanotubes acting as nanocarriers for peptides delivery. They obtained an antimicrobial and anti-fouling surface showing a reduction in *S. aureus* adhesion and great antimicrobial activity (\>99% activity). Braun et al. [@bib0645] immobilized the human peptide LL-37 on porous silica nanoparticles, achieving an antimicrobial delivery system.

All the studies presented above prove the good potential of modified surfaces to be applied on infection control in different scenarios; still some aspects must be taken into account and more studies are still needed. Most studies evaluating the antimicrobial/anti-adhesive activity potential of engineered surfaces do not take into account realistic physiological environments. This can affect the results, since the host\'s conditioning film may affect the surface in many different ways, for example, covering the surface creating a deterrent layer preventing the antimicrobial substance to leach or to contact directly with the microorganisms, reducing its antimicrobial efficacy [@bib0650].

In addition, the composition of the surface may determine which components of the conditioning film will adhere and that on its turn will influence other cells adhesion, as bacteria. Felgueiras et al. [@bib0615] showed that different concentrations of Octadecyl acrylate (C18) immobilized on polyurethane surfaces will affect the deposition of albumin and fibrinogen when the surface is in contact with human plasma, that on its turn will affect microorganisms' adhesion to the surface since albumin avoids bacteria adhesion and fibrinogen promotes it. Besides, coatings with antimicrobial peptides can be degraded by some components of conditioning films such as proteases [@bib0655].

Despite the pointed weaknesses there are already on the market some successful cases of such as Biocote Limited (Coventry, United Kingdom) that developed an antimicrobial additive technology, Biocote^®^, that can be incorporated on textiles, polymers, ceramics and more. These additives are based on different antimicrobial substances such as silver, zinc or phenolic compounds, chosen according to their application and support material [@bib0660].

Sanitized AG (Burgdorf, Switzerland) is another company that developed an antimicrobial additive that can be incorporated in polymers and textiles for different areas of application such as healthcare, public transportation and food industry. This additive technology, Sanitized^®^, uses different active ingredients as silver, zinc pirithione, silane quat or isothiazolinone that can be added on liquid form, powder or paste according to specific production requirements of the final product [@bib0665].

### 4.2.3. Photo-activated surfaces (TiO~2~) {#sec0080}

Photo-activated materials have been used in different technological fields namely in antimicrobial surfaces development. The most studied material used in photo-activated surfaces production is TiO~2~. TiO~2~ has high photocatalytic properties and is highly used in cosmetics and skin care products since it is not absorbed by human skin [@bib0670] becoming a very interesting material for development of antimicrobial surfaces.

In fact, its antimicrobial efficacy has already been proved against bacteria, fungi, protozoa and virus. The main advantage of this strategy is that TiO~2~ is not degraded so its activity can be maintained for long periods. TiO~2~ surfaces are only activated when irradiated by specific photon energy. When this irradiation occurs, reactions of photo-oxidation involving O~2~ and H~2~O take place on the surface with consequent formation of oxygen free radicals. These free radicals will attack the cell wall and cytoplasmic membrane of the microorganism by peroxidizing its lipids, leading to leakage of cellular components and lately cell lysis [@bib0675], [@bib0680].

Recently, Adán et al. [@bib0685] published a study where a water microfiltration system using photocatalytic membranes produced with TiO~2~ and porous steel showed good inactivation for the retained bacteria.

In another study by Joost et al. [@bib0690] thin films with TiO~2~ nanoparticles were illuminated with UV light and after 20 min of exposure no bacteria (*E. coli*) had survived. The analysis of bacterial cell membrane showed modifications in the chemical structure of unsaturated fatty acids and decomposition of saturated fatty acids faster than normal, confirming the peroxidation of membrane lipids.

In the market, there are already some products for microorganism elimination based on TiO~2~ photocatalytic action. PureHealth™ (ORION, Florence, Italy) is a system developed by ORION that coats walls and floors and is activated by special lamps of solar spectrum. This system promises to eliminate virus and bacteria [@bib0695].

5. Conclusion {#sec0085}
=============

This review points out the great contribution of surfaces for infection spreading, not only in healthcare facilities but also in other public spaces and food processing facilities.

There is an urgent need to pay more attention to surface contamination in different spaces since there is still a lack of guidelines for microbiologic assessment and established safe thresholds for health care facilities. In addition, it is important to establish infection control procedures for public spaces, namely schools since they often present high microbiological charges on surfaces, posing a real risk for children whose immunological system is still developing.

Both on public spaces and on healthcare facilities, it should be determined how to assess microbiologic presence on surfaces as well as how frequently this assessment should be made, and which methods should be used to obtain a realistic analysis rather than performing visual assessments. The implementation of standard acceptable limits of microorganisms on surfaces is also a key point for a better control of infection spreading. Standardized definition of which microorganisms can be considered indicator microorganisms should also be achieved.

The existing guidelines for cleaning and disinfection methodologies in healthcare facilities should come to a consensus about the disinfectants to be used in each setting, the frequency of cleaning and the methods to apply.

The implementation of self-disinfecting surfaces is a good strategy for infection control, and this review presents some successful research already developed in this area. These surfaces show clear advantages over the regular surfaces with traditional cleaning: the state of continuous disinfection and the antimicrobial activity that permanently eliminates the microorganisms.

There are still some issues to improve, like the long-term efficacy of the antimicrobial/anti-adhesive action, or the high cost of implementation of these surfaces in large areas.

Biomaterials, modified surfaces, or new scientific products in general, have to face some big challenges before they reach the market. Problems such as costs of manufacturability, scalability on production, intellectual property issues or regulatory aspects are just some of the main obstacles those products will have to overcome in order to be commercialized [@bib0700]. Some products even with great results on laboratory will fail when brought to larger scale due to their high cost of production, making them commercially unattractive. But, looking at the numbers nosocomial bacteremia alone can cost a hospital over 1 million euros per year [@bib0705], and antibiotic resistance-associated infections may cost more than 900 million euros per year in European Union.

In fact the societal cost of infections due to the selected antibiotic-resistant bacteria were estimated at about EUR 1.5 billion each year, between hospital related costs and losses in productivity due to patients' absence from work [@bib0710]. Therefore, maybe it is worthy to invest on new technologies, betting on infection prevention and control not only to avoid higher costs but also to avoid the harm and loss of human lives.

Self-disinfecting surfaces are a step forward to the future of infection control policies. More studies involving self-disinfecting surfaces should be performed in order to realize its full potential to improve infection control and safety strategies. The reports on the application of these materials in healthcare facilities show promising results and there are already few companies supplying products with self-disinfecting properties showing that investment on prevention may be the best way to reduce the tremendous problem of infection spreading.
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